Sub-wavelength interference has a potential application in lithography to beat the classical Rayleigh limit of resolution. We carefully study the second-order correlation theory and find there is a bubble of sub-wavelength interference in photon coincidence detection. A Young's double-slit experiment with thermal light is carried out to test the second-order correlation pattern. The result shows that when different scanning ways of two point detectors are chosen, we can get arbitrarywavelength interference patterns. We then give a theoretical explanation to this surprising result, and find this explanation is also suitable for the result by using entangled light. Furthermore, the question of whether this kind of arbitrary-wavelength interference patterns can be used in quantum lithography is also analyzed.
Sub-wavelength interference has a potential application in lithography to beat the classical Rayleigh limit of resolution. We carefully study the second-order correlation theory and find there is a bubble of sub-wavelength interference in photon coincidence detection. A Young's double-slit experiment with thermal light is carried out to test the second-order correlation pattern. The result shows that when different scanning ways of two point detectors are chosen, we can get arbitrarywavelength interference patterns. We then give a theoretical explanation to this surprising result, and find this explanation is also suitable for the result by using entangled light. Furthermore, the question of whether this kind of arbitrary-wavelength interference patterns can be used in quantum lithography is also analyzed. Quantum lithography was first proposed by Boto et al [1] that allows a N-times smaller spacing of interference fringes than the classical Rayleigh limit of spatial resolution. To date, a true laboratory verification of quantum lithography is still extremely challenging due to the absence of N-photon absorption lithographic materials [2] . The alternative way to demonstration quantum lithography in experiment is using N detectors operating in coincidence to mimic the effect of a true N-photon absorbing resist. In interferometric lithography, coherent light beams shine on a mask and form an interference pattern. If the spacing of the interference fringes is smaller than the features of size λ/2 which is the classical Rayleigh limit, one obtains so called a sub-wavelength interference pattern, which is expected to be used in lithography. The sub-wavelength interference pattern has not only been obtained using entangled light [3] by simultaneously scanning the two point detectors in same directions but also observed using thermal light [4] [5] [6] by simultaneously scanning in opposite directions. However, the question of why the sub-wavelength interference pattern can be gotten only when we scan two point detectors like that is not very clear, and is there any other better scanning way to get higher resolution than λ/2? In our study, we find that the scanning way is not unique. By choosing different scanning ways, we can get arbitrary resolution of interference pattern. This surprising result makes us to think about whether it can be used in quantum lithography. The answer is almost negative after we theoretically examine the physics behind this phenomena and compare it with quantum lithography. This paper is organized in three parts. We start from the basic theory of second-order intensity correlation of thermal light, and get a theoretical result which shows arbitrary-wavelength interference pattern can be achieved in ghost interference. Then an experiment of ghost interference in Young's double-slit with pseudothermal light is implemented to verify our prediction. From the experiment, we give a suggestion on how to get the full picture of second-order intensity correlation. Finally, we analyze the ghost interference result in entangled light case and draw our conclusion on ghost interference and its limitation in quantum lithography.
In light interference and diffraction experiments, the observed quantity is the first-order correlation function of light on a detecting plane at the far-field region
where E (−) (r, t) and E (+) (r, t) are operators for the positive and negative-frequency parts of the light field, ρ is the density matrix operator of the light source, and r is a transverse coordinate vector on the detecting plane. The measured first-order correlation Eq. (1) directly represents the intensity distribution of light on the detecting plane.
Besides the first-order correlation, light can have the second-order correlation which is defined as
In 1956, Hanbury-Brown and Twiss (HBT) [7] first observed the second-order intensity correlation phenomenon of light in astronomy. This pioneer investigation arouse grateful research interests to the second-order correlation property of light [8, 9] , and inspired Glauber's great work on quantum optics [10, 11] . The HBT experiment can be physically explained by either the classical statistical correlation of the intensity fluctuations [8] or two-photon (multi-photon) probability amplitude interference [12] . Although the debate how to understand the physical mechanism behind the HBT experiment exists for a long time, the second-order correlation property of light has been widely applied in various fields such as nonlocal imaging and interference [13] [14] [15] [16] [17] [18] [19] , sub-wavelength interference [3] [4] [5] [6] and quantum lithography [2, [20] [21] [22] .
In Fig. 1 , we show the point-to-point corresponding relation between the source and detecting planes, which can arXiv:1306.0276v1 [quant-ph] 3 Jun 2013 be described by the impulse response function h(r, r ). If the light source is thermal, the second-order correlation function on a detecting plane can be written as [14]
Under the condition of paraxial approximation and the assumption that the source is covered by a binary object with a transmission function T (r ), the impulse response function can be expressed as
where k = 2π/λ is the wave number. If the light source is fully spatially incoherent, the first-order correlation function of light just emitted from the source E (−) (r 1 )E (+) (r 2 ) can have the form nδ(r 1 − r 2 ), where δ(r) is the Dirac delta function, and n is the mean photon number of a thermal light. Here, we have assumed that the intensity distribution of the incoherent light on the source plane is uniform [23] . Then the second-order correlation function Eq. (3) can be written in the form
where T 2 (·) is the Fourier transformation of T 2 (r). This result shows that a well-defined Fourier-transform image of the transmittance of the object can be extracted from the second-order correlation function.
The expression Eq. (5) clearly shows that the secondorder correlation function is a four-variable function of transverse coordinates (x 1 , y 1 ) and (x 2 , y 2 ) of the detecting plane. Simple but without loss of generality, one-dimensional object such as double-slit is usually employed to make the correlation function become a twovariable function. For a one-dimensional symmetric double-slit, the correlation function is irrelative to the coordinates y 1 and y 2 . In this way, the second-order correlation function Eq. (5) can be further simplified to the form
There are two variables x 1 and x 2 in Eq. (6), which represent the positions of two detectors, respectively. So the full information of second-order correlation should contain all different combinations of x 1 and x 2 in the detecting planes. As we know, in the previous subwavelength interference experiments with a thermal light source [4, 5] , the λ/2 spatial resolution cross-sectional curves were obtained when two point detectors scanning in opposite directions (x 1 = x, x 2 = −x). However, there are no any mathematical and physical reason to limit the scanning ways of two detectors with the coordinates x 1 and x 2 in Eq. (6) .
For example, if we let the two point detectors move on the detecting planes in the way (x 1 = x, x 2 = x/2), we can obtain the 2λ spatial resolution cross-sectional curve. In contrast to this case, if let the two point detectors move on the detecting planes in the way (x 1 = x, x 2 = −2x), one can obtain the λ/3 spatial resolution crosssectional curve. In general, the cross-sectional curve with the spatial resolution N λ or 1 N λ (where N > 0) can be achieved when the two point detectors scan on the detecting planes in the way (
, respectively. It means that arbitrary spatial resolution cross-sectional curve can be built just by choosing an appropriate scanning way of the point detectors on the detecting planes. In another word, the second-order correlation pattern should be a two-dimensional surface rather than a one-dimensional curve. This result seems surprising since the physical system is exactly same for different scanning ways. However, noting the second-order correlation function Eq. (6), we can find the reason why this arises. In order to further clarify our argument, we perform a ghost interference experiment with similar setup to one employed in Ref. [4, 5] using pseudo-thermal light. The experimental setup is shown in Fig. 2 . The thermal light is produced by a semiconductor laser of wavelength λ = 457nm and a rotating ground glass disk (GGD). The angular velocity of the GGD is kept at ω = π rad/s. A double-slit is placed right after the GGD. The width of each slit is a = 0.038mm, and the distance between centers of the two slits is d = 0.12mm. The diffracted light after the double-slit is split into two parts with a beam splitter (BS) and then recorded by two charge coupled devices (CCD). Both of the CCDs are located at z = 23cm behind the double-slit, which means that the CCDs are placed in the Fraunhofer diffraction region respects to the double-slit.
As shown above, the second-order correlation function Eq. (6) describes the correlation between arbitrary two points on the CCD 1 and CCD 2 . Here we first extract two relevant row data from the two CCDs, and then build the second-order correlation function. The result is shown in Fig. 3 , where x 1 and x 2 are the horizontal coordinates on CCD 1 and CCD 2 , respectively. Here we use color to represent the intensity of the normalized second-order correlation function. This figure shows a two-dimensional interference pattern of the double-slit.
One can obtain a cross-sectional curve with arbitrary spatial resolution by choosing a proper line on the twodimensional figure. Line (a) in Fig. 3 describes the case when one point detector on CCD 2 planes is fixed and another point detector on CCD 1 planes is moved along the x 1 direction. The data obtained along this line is shown in Fig. 4(a) . In this way, the resulting curve is exactly same as a traditional Young's interference pattern. The distance from the zeroth-order peak to the first-order peak in Fig. 4(a) is 0.89mm which is in coincidence with the theoretical value 0.88mm. Scanning with two point detectors in the opposite directions synchronously, which corresponds to the line of Fig. 3(b) , we can get a diffraction pattern with 0.44mm peak spaces in Fig. 4(b) . This result is so called sub-wavelength interference patterns in Ref. [4, 5] . It is obviously that the scanning method is not limited by only above two conditions. We can choose any scanning method which corresponds a line in Fig. 3 to get a diffracted pattern, and arbitrary-wavelength resolution can be achieved. For example, along line (c) shown in Fig. 3 representing a scanning method with x 1 = x, and x 2 = −2x, we obtain a narrower interference pattern than the sub-wavelength one. The peak spacing in Fig. 4(c) is 0.29mm which corresponds to a λ/3 spatial resolution. If we set x 1 = x, and x 2 = x/2 represented by line (d) in Fig. 3 , the resulting data is plotted in Fig. 4(d) , displaying the 2λ spatial resolution. The experimental results obtained here well fit with the theoretical prediction Eq. (6). From the above discussion, we come to conclude that one-dimensional cross-sectional curves built from the two-dimensional second-order correlation pattern is only a partial information and cannot represent genuine properties of the second-order correlation function. So the deducing result such as the sub-wavelength interference is not the truth. This understanding is also suitable for the case of subwavelength interference using entangled light source. In this case, Angelo et al [3] showed that a spatial resolution enhanced interference pattern can be built, which was predicted by Boto et al [1] . In their experiment, a doubleslit is placed right after the nonlinear crystal to make sure that the two-photon is generated simultaneously on the up-slit or the down-slit. Two point detectors move in the same direction synchronously and operates in coincidence to mimic the effect of a true two-photon absorbing resist. They found that the two-photon double-slit interference pattern is 2 times narrower than the traditional pattern with a coherent light. If one assumes that the entangled photon pairs generated simultaneously at either the up or down slit propagate to the detecting planes independently, the coincidence count at the detecting planes can be approximately expressed in the form [24] [25] [26] 
For simplicity, we here ignore the single slit diffraction function. As shown in Eq. (7), the second-order correlation function is a two-dimensional function of the detecting plane coordinates. In Fig. 5(1) , the correlation function Eq. (7) is plotted. This pattern is similar to the experimental result which has been obtained by Peeters et al [27] .
As done in the analysis for thermal light, line (a) in Fig. 5(1) represents an interference pattern which has the same spatial resolution in the normal Young's doubleslit experiment. The sub-wavelength result obtained by D'Angelo [3] can be rebuilt along line (b) in Fig. 5(1) . The cross-section curves along these two lines are plotted in Fig. 5 (2)(a)-(b). Line (c) and (d) represent the scanning ways of the detectors with (x 1 = x, x 2 = 2x) and (x 1 = x, x 2 = −x/2), respectively. In Fig. 5 (2)(c)-(d), the cross-sectional curves corresponding the lines are plotted, which peak spacings are λ/3 and 3λ, respectively. As the conclusion of Ref. [26] , the simultaneous two-photon after the double-slit will diffract independently, so the coincidence measurement photons is not limited in only one line but fulfill the whole transverse plane. Therefore, the one-dimensional cross-sectional curve deduced from the two-dimensional second-order correlation function can also have arbitrary narrow peak distances when the light source is entangled. From the above discussion on both thermal and entangled light, we can see that only partial information of second-order interference can be gotten from the crosssectional curves. To get the full information, we should considering all variables in the correlation function. For example, the full picture of second-order interference of double-slit should be a two-dimensional pattern.
For quantum lithography, it is still challenging to realize a true laboratory demonstration of quantum lithography due to the lithographic (N -photon absorption) materials, although proof-of-principle experiments that display certain aspects of quantum lithography have been presented. In these proof-of-principle experiments, Nfold coincidence is utilized to simulate N -photon absorber, and N photons should appear at same point on the N detectors simultaneously if we comparing the process of N -photon absorption on lithographic materials. From this point of view, we can get a conclusion that if N detectors scanning in different paces and directions, it is impossible to take the advantage of arbitrary-wavelength patterns to achieve quantum lithography. In other words, for thermal light, the second-order interference pattern becomes flat when two detectors scanning in same directions (x 1 = x 2 ), which clearly can not be used for writing sub-Rayleigh structures. While for entangled light, subwavelength interference pattern is gotten when scanning two detectors with x 1 = x 2 (as it shown in Fig. 5(2)(b) ). So entangled light source has the potential application in quantum lithography though the efficiency may be an obstacle [25, 26, 28] . We also notice that the twodimensional pattern measurement is not limited in spacemomentum system. Such as, it can be used to the entropic entanglement measures in photon's orbital angular momentum [29] .
In summary, we show that the second-order interference is in general a high-dimensional pattern rather than a one-dimensional curve. In the ghost double-slit interference experiments with either thermal or entangled light, when the two point detectors move along a certain way on the signal and reference detecting planes, the result obtained from the coincidence count of the detectors are only a cross-sectional curve of the two-dimensional interference pattern. In principle, one can build the crosssection curve with arbitrary spatial resolution only by choosing a proper scanning way of the two point detectors on the detecting planes. Furthermore, we find that this kind of arbitrary-wavelength interference of thermal light is impossible to be used in quantum lithography. Our theory and experimental method for high-order interference may provide a deep understanding of high-order correlations and help us to develop their applications. 
